INTRODUCTION
============

The structure of mammalian heterochromatin around centromeres, that is, in pericentric regions of each chromosome, plays a central role in genomic integrity: it silences the expression of deleterious sequences, such as transposons; prevents deleterious recombination events that can occur in repeated sequences; and allows correct chromosome segregation ([@B17]). Thus the factors involved in the formation of such condensed structures or in their maintenance are crucial for genetic stability. Among these factors, Suv39H1 and Suv39H2 proteins methylate histone H3 on lysine 9, promoting the recruitment of heterochromatin protein 1α (HP1α; [@B33]) and thus heterochromatin compaction. This heterochromatin compaction is critical for preventing cancer progression: Suv39H-negative cells harbor chromosomal instabilities, and Suv39H deficiency in mice is associated with an increased risk of cancer ([@B33]). Moreover, negative modulation of Suv39H1 promotes tumorigenesis in breast cancer ([@B24]), and its overexpression in animal models can suppress tumor formation ([@B2]). Modifications in the expression of HP1 proteins are also very frequent in human cancers ([@B14]). Of interest, sensitivity to therapy-induced senescence, which is a promising strategy for cancer treatment, is clearly linked to Suv39H1 expression ([@B15]).

As expected considering the global link between histone acetylation and chromatin relaxation, heterochromatin formation and maintenance largely involve histone deacetylation: first, histones in heterochromatin regions are generally hypoacetylated. Moreover, in yeast, histone deacetylases such as Sir2 and Clr3, participate, ­sequentially or concomitantly with RNA interference machinery, in the initiation, propagation, and maintenance of pericentric heterochromatin ([@B27]; [@B8]). In mammals, treatment of cells with histone deacetylase inhibitors impairs HP1 recruitment to pericentric heterochromatin ([@B39]), suggesting that histone deacetylation is required for heterochromatin compaction throughout evolution.

However, some histone acetylation events can participate in pericentric heterochromatin function: heterochromatic regions of polytene chromosomes in *Drosophila* harbor histone H4 acetylated on K12 ([@B42]). Moreover, in mammalian cells, noncoding RNAs produced from the transcription of repeated pericentric regions, called satellites, play a crucial role in heterochromatin formation ([@B27]), suggesting a function for histone acetylation, which is associated with the expression of satellites (see, e.g., [@B31]).

In *Saccharomyces cerevisiae*, H4K12 is acetylated at telomeres by Esa1 ([@B11]). In fission yeast, acetylation of histone H3K4 by the Mst1 histone acetyltransferase is involved in heterochromatin formation by favoring the switch of recruitment between Clr4 (homologue of Suv39H) and Swi6 (HP1α; [@B48]). It is striking that the human homologue of Mst1 and Esa1, the histone acetyltransferase Tip60, is also linked to heterochromatin maintenance: DNA double-strand breaks in heterochromatin are repaired by a specific pathway involving Tip60, which is recruited and activated through the binding of its chromodomain to H3K9me3 ([@B4]).

The Tip60 histone acetyltransferase is conserved from yeast to humans ([@B16]). It acetylates canonical histone H4 and H2A, as well as histone variants H2A.Z and H2A.X ([@B3]; [@B22]). It belongs to the MYST family and participates in a multimolecular complex called the Tip60 complex in mammals, which contains many other enzymes, including the ATPase p400, which mediates the incorporation of the H2A.Z histone variant in chromatin ([@B19]).

Tip60 and its associated proteins participate in transcriptional control, and, consistent with its histone acetyltransferase activity, Tip60 is involved in the activation of specific promoters. However, in a few instances, it was found to mediate transcriptional repression ([@B1]; [@B10]), but the role of histone acetylation in this process is largely unclear. Members of the Tip60 complex also participate in genetic stability, since both Tip60 and p400 are important, for example, for the repair of DNA double-strand breaks ([@B30]; [@B9]; [@B49]; [@B13]).

Through its action on gene expression and genetic stability, Tip60 participates in growth control. In response to DNA damage, it is required for both cell cycle arrest and apoptosis. It first participates in DNA damage signaling through acetylation of ATM, a kinase central to the response to double-strand breaks ([@B37]). Moreover, it is an essential cofactor of the p53 tumor suppressor ([@B5]; [@B25]), facilitating p53 transcriptional activity but also, through direct acetylation of p53, its targeting to specific promoters ([@B38]; [@B40]; [@B43]). Accordingly, Tip60 is underexpressed in a wide variety of human cancers ([@B21]; [@B29]). Moreover, mice heterozygous for Tip60 are more susceptible to myc-induced lymphoma or chemically induced colon cancers ([@B21]; [@B29]), indicating that Tip60 is a tumor suppressor. The mechanisms by which it mediates its tumor suppressor functions are not completely clear but were shown to involve the control of the DNA damage response ([@B21]) or of the Wnt signaling pathway ([@B10]).

In this study, we analyze the role of Tip60 in pericentric heterochromatin maintenance and function in mouse cells. We find that it participates in a new pathway of heterochromatin compaction, which can rely on histone H4K12 acetylation and the recruitment of BRD2, a double bromodomain--containing protein that binds H4K12ac. Taken together, our results demonstrate that mammalian Tip60 can be a major regulator of pericentric heterochromatin dynamics, providing an alternative compaction pathway to ensure genetic stability.

RESULTS
=======

Tip60 acetylates histones at defective pericentric heterochromatin
------------------------------------------------------------------

In the yeast *Schizosaccharomyces pombe*, the Tip60 orthologue was shown to be involved in the maintenance of heterochromatin at the HMR loci, functioning in collaboration with orthologues of Suv39H1 and HP1 proteins ([@B48]). To test whether this is conserved in mammals, we transfected NIH3T3 cells twice 48 h apart with small interfering RNAs (siRNAs) against Tip60. These siRNAs were shown to decrease efficiently Tip60 protein expression ([@B10]), and we achieved efficient Tip60 mRNA depletion during at least 5 d ([Figure 1A](#F1){ref-type="fig"}). We did not find any effect of Tip60 depletion on satellite expression ([Figure 1B](#F1){ref-type="fig"}), a marker of heterochromatin decompaction, nor on heterochromatin enrichment of the HP1α protein ([Figure 1C](#F1){ref-type="fig"}). In addition, Tip60 depletion did not affect de novo HP1α recruitment measured with a commonly used assay relying on reexpression of Suv39H1 in Suv39H^−*/*−^ cells ([@B28]; unpublished data). Taken together, these data indicate that the regulation of HP1 recruitment to heterochromatin by Tip60 is not conserved in mammals.

![Tip60 depletion does not induce any effect on various heterochromatin features in NIH3T3 cells. (A) NIH3T3 cells transfected twice 48 h apart by the indicated siRNA were harvested every 24 h from 48 to 120 h after the first transfection. Tip60 and β2m mRNAs were quantified by reverse transcription, followed by qPCR. The amount of Tip60 mRNA was divided by the amount of β2m mRNA and standardized relative to 1 for cells transfected with control siRNA at each time point. Representative experiment. (B) NIH3T3 cells were transfected using Tip60-1 or control siRNA. The amount of major satellite sequences and β2m mRNA was quantified by reverse transcription, followed by qPCR. The amount of satellite RNA was divided by the amount of β2m mRNA and standardized relative to 1 for cells transfected with control siRNA. Mean and SD from four experiments. (C) NIH3T3 cells transfected twice 48 h apart by the indicated siRNA were fixed 96 h after the first transfection and stained with anti-HP1α antibody and DAPI. Representative images.](599fig1){#F1}

Of interest, in cells harboring defects in the normal pathway of heterochromatin compaction, such as cells originating from mice deficient in Suv39H proteins or cells treated with DNA methylation inhibitors, pericentric heterochromatin harbors increased levels of H4K12 acetylation ([@B33]; [@B6]). We confirmed this by chromatin immunoprecipitation (ChIP) experiments. Indeed, ChIP with acetylated H4K12 (H4K12ac)-specific antibodies immunoprecipitated much more major satellite sequences from cells derived from Suv39H knockout mice (Suv39H^−*/*−^ cells) than from cells derived from control mice ([Figure 2A](#F2){ref-type="fig"}). Moreover, treatment of NIH3T3 cells with 5-azacytidine (5-AzaC), which causes a general decrease in DNA methylation leading to disruption of pericentric heterochromatin, also induced an increase in the amount of major satellite sequences immunoprecipitated by the H4K12ac antibody ([Figure 2B](#F2){ref-type="fig"}). Strikingly, in both cases, depletion of Tip60 using a specific siRNA that we previously validated (see Supplemental Figure S1A for siRNA efficiency) led to a decrease in the amount of major satellite sequences immunoprecipitated by the H4K12ac antibody ([Figure 2, C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}), indicating that Tip60 expression is required for this acetylation event in both models.

![Tip60 recruitment to pericentric heterochromatin. (A) Suv39H^+/+^ and Suv39H^−*/*−^ MEFs were subjected to ChIP assays using anti-H4K12ac antibodies, anti--histone H3 antibody, or no antibody (No Ab) as a control. The presence of major satellite sequences and β2m sequences was quantified by qPCR in the immunoprecipitates and the inputs. The amount of major satellite sequence in the H4K12ac immunoprecipitates was divided by the amount present in the histone H3 immunoprecipitates and standardized relative to β2m sequences. Representative experiment of three. Error bars represent SD within technical triplicates. (B) NIH3T3 treated or not with 5-Aza for 24 h was subjected to a ChIP assay and analyzed as in A. Mean and SD from three experiments. (C) Suv39H^−*/*−^ cells were transfected with the indicated siRNAs. At 72 h after transfection, cells were subjected to a ChIP assay using anti-H4K12Ac antibodies, anti--histone H3 antibody, or no antibody (No Ab) as a control. The amount of major satellite and β2m sequences was quantified by qPCR in the immunoprecipitates and the inputs as in A. Mean and SD from five independent experiments. (D) NIH3T3 transfected using indicated siRNA was treated or not with 5-Aza 48 h later for 24 h and subjected to a ChIP assay and analyzed as in A. Mean and SD from three independent experiments. (E) Suv39H^−*/*−^ and Suv39H^+/+^ cells were subjected to a ChIP assay using anti-Tip60 antibody or no antibody (No Ab) as a control. The presence of major satellite sequences as well as p53 promoter was quantified by qPCR in the immunoprecipitates and the inputs. The relative efficiency of the IP from a representative experiment of three is shown relative to 1 for the no-antibody amount in Suv^−*/*−^ cells. Error bars represent SD within technical triplicates.](599fig2){#F2}

This result led us to test whether Tip60 is recruited to pericentric heterochromatin when the classical heterochromatin compaction pathway is defective. We found, by ChIP experiments, that immunoprecipitation of Tip60 led to the coimmunoprecipitation of major satellite repeats from Suv39H^−*/*−^ cells ([Figure 2E](#F2){ref-type="fig"}). This precipitation is specific, since it was not observed in the no-antibody control nor on an unrelated genomic sequence from the p53 promoter in the same cells. Taken together, these data indicate that Tip60 is recruited to pericentric heterochromatin in cells derived from Suv39H^−*/*−^ mice, where it acetylates histone H4K12.

Tip60 is important for heterochromatin compaction in Suv39H^−*/*−^ cells
------------------------------------------------------------------------

We next tested the function of Tip60 in pericentric heterochromatin compaction in Suv39H^−*/*−^ cells. To this end, we transfected Suv39H^−*/*−^ cells with previously characterized Tip60 siRNAs ([@B10]) and stained them with 4′,6-diamidino-2-phenylindole (DAPI) to observe heterochromatic foci. We found that Tip60 depletion resulted in cells harboring disrupted foci compared with cells transfected with the control siRNA ([Figure 3A](#F3){ref-type="fig"}). To quantify these changes, we used a plug-in developed in Carl Mann's laboratory to monitor DAPI heterogeneity in cells as a coefficient of variation (DAPI CV; [@B23]). This plug-in efficiently detects heterochromatin compaction in senescence-associated heterochromatin foci observed in senescent cells. We found that depletion of Tip60 resulted in a significant decrease of DAPI heterogeneity in Suv39H^−*/*−^ cells ([Figure 3B](#F3){ref-type="fig"}), reflecting decompaction of heterochromatin. Of importance, we found similar results using two independent siRNAs against Tip60, ruling out off-target effects (for siRNA efficiency, see Supplemental Figure S1A). Using the Operetta platform---a device allowing automatic acquisition and analysis of fluorescence (see *Materials and Methods*)---we confirmed that Tip60 depletion significantly decreased DAPI heterogeneity in Suv39H1^−*/*−^ cells ([Figure 3C](#F3){ref-type="fig"}) but not wild-type NIH3T3 cells. Taken together, these data indicate that Tip60 is important for heterochromatin compaction in a Suv39H-negative background.

![Tip60 is involved in heterochromatin compaction. (A) Suv39H^−*/*−^ cells were transfected using Tip60-1 or control siRNA. At 48 h later, cells were fixed and stained with DAPI. Representative images of cells. (B) Same as in A, except that two Tip60 siRNAs were used and DAPI CV from at least 100 cells by conditions was calculated. Box plots represent the cell population, with the median and the 50 and 75% quantiles. The *p* values of the difference between the two cell populations are indicated above the graphs. Note that raw values of DAPI CV strongly varied from one experiment to another, depending on the settings used for image acquisition. (C) Suv39H^−*/*−^ and NIH3T3 cells were transfected using Tip60-1 or control siRNA. Cells were seeded in 96-well plates, and 48 h later, cells were fixed and stained with DAPI and then analyzed automatically for DAPI coefficient of variance using the Operetta device.](599fig3){#F3}

Pericentric heterochromatin decompaction is associated with an increase in the transcription of satellite repeats. Indeed, transcription of pericentric repeats is stimulated in Suv39H-knockout cells and strongly induced upon treatment of cells with 5-AzaC ([@B20]). We thus monitored the effect of Tip60 depletion on satellite repeat expression. We found that Tip60 depletion using the two specific siRNAs led to an increase in major satellite expression in Suv39H^−*/*−^ cells ([Figure 4A](#F4){ref-type="fig"}). Moreover, this increase was abolished upon restoration of normal pericentric heterochromatin in these cells by transfection of an expression vector for Suv39H1 ([Figure 4B](#F4){ref-type="fig"}; see Supplemental Figure S1C for Tip60 siRNA efficiency and Suv39H1 expression level). Because this increase was also not seen in wild-type cells, as mentioned earlier ([Figure 1](#F1){ref-type="fig"}), this indicates that Tip60 represses major satellite expression only when the classical heterochromatin compaction pathway is defective. Note, however, that we did not find any stimulation of major satellite expression after Tip60 knockdown in NIH3T3 cells treated with 5-AzaC (Supplemental Figure S2), probably because heterochromatin decompaction is much more pronounced in this situation and cannot be further increased by Tip60 depletion despite the modulation of H4K12 acetylation seen in [Figure 2D](#F2){ref-type="fig"}.

![Tip60 represses major satellite expression in a Suv39H-deficient context. (A) Suv39H^−*/*−^ cells were transfected by the indicated siRNA, and 72 h later, cells were harvested and RNA was extracted. The presence of major satellites and β2m RNAs was quantified by reverse transcription, followed by qPCR. The amount of major satellites RNAs was divided by the amount of β2m mRNA and standardized relative to 1 for cells transfected with control siRNA. Mean and SD from four independent experiments. (B) Suv39H^−*/*−^ cells or cells rescued for Suv39H1 expression were transfected by the indicated siRNA. At 72 h later, cells were harvested, and the amount of major satellite sequences was analyzed as in A. Representative experiment out of three.](599fig4){#F4}

Taken together, these data indicate that the Tip60 histone acetyltransferase is involved in both the compaction of pericentric heterochromatin and the repression of repeats transcription.

Tip60 deficiency strengthens the genetic-instability phenotype of Suv39H^−*/*−^ cells
-------------------------------------------------------------------------------------

Pericentromeric heterochromatin compaction is important for genetic stability, and satellite overexpression is associated with its relaxation ([@B41]). As a consequence, Suv39H^−*/*−^ cells, in addition to satellite-overexpression phenotype, harbor defects in chromosome segregation in mitosis, with the appearance of a general polyploidy ([@B33]). Because Tip60 depletion further decreases heterochromatin compaction and further increases satellite transcription, we reasoned that it might further increase the genetic-instability phenotypes associated with Suv39H inactivation. We thus transfected Tip60 siRNAs in Suv39H^−*/*−^ cells and analyzed the presence of hyperpolyploid cells 6 d after transfection. We observed a significant increase in the number of mitotic cells with twice the amount of chromosomes when counted in chromosomes spreads ([Figure 5A](#F5){ref-type="fig"}). We also quantified this phenomenon by propidium iodide staining followed by flow cytometry and we that Tip60 depletion induces an increase in the number of hyperpolyploid Suv39H^−*/*−^ cells ([Figure 5B](#F5){ref-type="fig"}). Strikingly, this increase was not observed upon Tip60 depletion in wild-type NIH3T3 cells. Thus these data indicate that Tip60 depletion, in a Suv39H^−*/*−^ context, favors polyploidy. We next analyzed the presence of micronuclei, a feature that is also associated with the inactivation of Suv39H and reflects mitosis defects leading to aneuploidy ([@B46]). We found that the percentage of cells harboring micronuclei strongly increased upon Tip60 knockdown in Suv39H^−*/*−^ cells but not in NIH3T3 cells ([Figure 5C](#F5){ref-type="fig"}; see also Supplemental Figure S3 for another Tip60 siRNA).

![Tip60 expression is important for correct chromosome segregation in Suv39H^−*/*−^ cells. (A) Metaphase spreads of Suv39H^−*/*−^ cells transfected by the indicated siRNA and blocked in mitosis 6 d later by Colcemid treatment. The number of chromosomes in each metaphase plate is indicated (from 25 to 27 fields, representing 31 metaphases/condition ordered by number of chromosomes). Statistical analysis was performed using chi-squared test. Representative images illustrating cells with single or double chromosome numbers. (B) Suv39H^−*/*−^ and NIH3T3 cells transfected twice at 48 h apart by the indicated siRNA were harvested 7 d later. Cells were fixed and stained with propidium iodide and analyzed by flow cytometry. (C) Suv39H^−*/*−^ and NIH3T3 cells were transfected using Tip60 or control siRNA, and 72 h later, cells were fixed and stained with DAPI. Representative images for Suv39H^−*/*−^ cells. The arrows point toward micronuclei. The graph corresponds to the quantification of three independent experiments with at least 100 cells analyzed by conditions in each experiment. Mean and SD.](599fig5){#F5}

Taken together, these data indicate that the expression of the Tip60 complex is important for the correct segregation of chromosomes in a Suv39H-depleted context.

Heterochromatin compaction can be mediated by BRD2
--------------------------------------------------

We next investigated the molecular mechanism by which Tip60 could mediate the compaction of heterochromatin, an unexpected role for a histone acetyltransferase, given that acetylation is generally associated with chromatin relaxation. Strikingly, proteins with two bromodomains of the BRD family were found to mediate chromatin compaction in an acetylation-dependent manner ([@B34]). Moreover, BRD2 was previously found to bind to acetylated H4K12 ([@B44]), which is the Tip60-dependent histone modification found in pericentric heterochromatin upon Suv39H depletion (see earlier discussion). We thus tested the involvement of BRD2 in Tip60-dependent heterochromatin functions in the Suv39H^−*/*−^ background. We first found that BRD2 is recruited to pericentric heterochromatin in Suv39H^−*/*−^ cells, as shown by ChIP experiments ([Figure 6A](#F6){ref-type="fig"}). This recruitment is specific, since enrichment of pericentric sequences was much lower in the no-antibody control. Furthermore, no enrichment of an unrelated sequence from the β2m promoter could be observed in the BRD2 ChIP.

![Tip60 function in heterochromatin is mediated by BRD2. **(**A) Suv39H^−*/*−^ cells were subjected to a ChIP assay using anti-BRD2 antibodies or no antibody (No Ab) as a control. The presence of major satellite and β2m sequences was quantified by qPCR in immunoprecipitates and inputs. Percentage of inputs from a representative experiment out of three. Error bars represent SD within technical triplicates. (B) Suv39H^−*/*−^ cells were transfected using BRD2 or control siRNA, and 72 h later, cells were fixed and stained with DAPI. Representative images of cells. DAPI CV from at least 100 cells by conditions was calculated manually (DAPI coefficient of variation) or automatically (DAPI coefficient of variance) using the Operetta device. Box plots represent the cell populations, with the median and the 50th and the 75th quantiles. The *p* value of the difference between the two cell populations is indicated above the graphs. (C) Suv39H^−*/*−^ cells were transfected using BRD2 or control siRNA, and 72 h later, cells were fixed and stained with DAPI. Representative images of cells. The arrows point toward micronuclei. The graph corresponds to the quantification of three independent experiments with at least 100 cells analyzed by conditions in each experiment. Mean and SD.](599fig6){#F6}

Depletion of BRD2 using a specific siRNA (see Supplemental Figure S1B for the validation of siRNA efficiency) led to the decompaction of heterochromatin in Suv39H^−*/*−^ cells, as shown by DAPI CV measurement, either manually or automatically ([Figure 6B](#F6){ref-type="fig"}). We also observed the appearance of aneuploidy upon BRD2 depletion, as shown by the increase in the number of cells harboring micronuclei ([Figure 6C](#F6){ref-type="fig"}).

Thus these data indicate that BRD2 depletion phenocopies the depletion of Tip60, suggesting that it mediates the Tip60-dependent heterochromatin compaction in Suv39H^−*/*−^ cells.

DISCUSSION
==========

In this study, we identified a new pathway involved in heterochromatin compaction and function. This pathway can function as a backup pathway important in the absence of the normal Suv39H-HP1α canonical pathway. Indeed, we observe Tip60 recruitment to heterochromatin only in the absence of Suv39H proteins, and it mediates histone H4K12ac, a modification that was previously shown to be specifically enriched in a context in which heterochromatin is abnormal. Moreover, we did not find any effect of Tip60 depletion on heterochromatin transcription in normal cells. Although this is not definitive proof that Tip60 does not play a role in pericentric heterochromatin in normal cells, either because the depletion we achieved is not sufficient or because it is involved in very specific time or space windows (see later discussion), our results indicate that the Tip60-dependent heterochromatin pathway is particularly important when the normal pathway of heterochromatin maintenance is defective. Of interest, we found that Tip60 depletion also leads to overexpression of LINE retroviral sequences in Suv39H^−*/*−^ cells (Supplemental Figure S4). Because these LINE sequences are also regulated by Suv39H-HP1α ([@B41]; [@B7]), the pathway we uncover here is probably not restricted to pericentric heterochromatin but can replace the canonical constitutive heterochromatin compaction pathway wherever it is involved.

Our results show that in Suv39H-deficient cells, depletion of Tip60 leads to the strengthening of phenotypes that are associated with defects in pericentric heterochromatin, such as the decompaction of heterochromatin and the increase in the expression of noncoding RNAs produced from heterochromatin sequences. Moreover, it increases the genetic instability associated with heterochromatin dysfunction, with defects in chromosome segregation in mitosis, exemplified by the increase in the percentage of cells harboring micronuclei, as well as of polyploid cells.

Paradoxically, given the known link between histone acetylation and chromatin compaction, our results indicate that a histone acetyltransferase mediates both histone acetylation, at least on H4K12, and chromatin compaction. Of interest, histone acetylation could be directly involved in heterochromatin compaction by allowing the recruitment of BRD2, which belongs to the double bromodomain--containing protein family, some of which are able to mediate the compaction of acetylated chromatin ([@B34]; [@B45]). In agreement with this, depletion of BRD2 mimics Tip60 depletion with respect to heterochromatin compaction and chromosome segregation defects.

Note that we were not able to formally demonstrate that BRD2 recruitment was dependent on H4K12 acetylation. We cannot thus rule out the involvement of other mechanisms in Tip60-mediated heterochromatin compaction. Indeed, we did not find any evidence for changes in the expression of pericentric heterochromatin sequences upon BRD2 depletion in these cells (Supplemental Figure S5). This indicates that chromatin decompaction is not sufficient for an increased expression of pericentric repeats, underlining the requirement of acetylation of another substrate (either another histone residue than H4K12 or another protein) by Tip60 to repress satellites expression.

Other questions raised by our findings are where and when this pathway participates in heterochromatin compaction or, in other terms, the physiopathological situation in which it could be involved. First, this could occur during cancer progression. Indeed, most cancers, if not all, have defects in heterochromatin, with decreased DNA methylation ([@B47]), in a manner reminiscent of 5-AzaC--treated cells. Moreover, defects in the canonical heterochromatin compaction pathway are common in human cancers ([@B14]; [@B36]). During the course of cancer progression, it is thus possible that the heterochromatin compaction pathway we uncover here allows cells to maintain a sufficiently accurate chromosome segregation to avoid their elimination by checkpoints or death because of too high a chromosome imbalance. Strikingly, Tip60 is a tumor suppressor often underexpressed in human cancers. Developed cancer may thus harbor defects in both the normal pericentric maintenance pathway and the pathway we identified here. This could lead to high genetic instability, which could further reinforce cancer progression or favor the appearance of drug-resistant clones of cancer cells. Along this line, Tip60 is known to facilitate DNA double-strand break repair ([@B30]; [@B9]). Moreover, a decrease in Tip60 levels abolishes tumor suppressor pathways such as the DDR and p53 pathways ([@B5]; [@B25]; [@B37]), eliminating cells with high genetic instability. Tip60 deficiency can thus both increase genetic stability of cancer cells (by decreasing DNA repair efficiency and inducing defects in chromosome segregation; this study) and decrease the mechanism eliminating damaged cells. Such mechanisms probably explain, at least in part, the tumor suppressor functions of Tip60.

The question of whether the heterochromatin compaction pathway we uncovered here is also important in normal cells is an open and important one. In agreement with this, Mst1, the Tip60 orthologue in *S. pombe*, is important for heterochromatin function. Of interest, there are normal situations in which the canonical Suv39H-HP1α heterochromatin compaction pathway is not functional, such as at the very early stage of development in mouse ([@B35]), as well as in late S phase. In the latter case, recruitment of the demethylase JMJD2A also removes H3K9me3, in a manner very similar to what is seem in Suv39H-depleted cells ([@B32]). Because H4K12ac is associated with telomeric heterochromatin plasticity in *S. cerevisiae* ([@B50]), it is tempting to speculate that the pathway we uncovered here is involved in processes requiring heterochromatin plasticity, such as during DNA repair and replication. In agreement with such a hypothesis, Tip60 has been found to be involved in DNA double-strand break repair in heterochromatin ([@B4]). Moreover, we found by ChIP using synchronized cells that the level of histone H4K12ac increases during the cell cycle and is maximal in late S phase (Supplemental Figure S6), at a time when transcription of pericentric repeats is decreased ([@B26]). Whether Tip60-dependent compaction is functionally important for heterochromatin function and maintenance at this very specific cell cycle stage or during the repair of DNA damage occurring in heterochromatin is a question that clearly merits further investigation.

MATERIALS AND METHODS
=====================

Antibodies, vectors, siRNAs, and primers
----------------------------------------

Anti-H4K12ac and anti-H3 antibodies were purchased from Abcam (Paris, France), and anti-BRD2 was from Bethyl Laboratories (Montgomery, TX). Anti-Tip60 antibody was purchased from Upstate Laboratories (Merck Millipore, Darmstadt, Germany). The myc-Suv39H1 expression vector was a kind gift from T. Jenuwein (Max Planck Institute of Immunobiology and Epigenetics, Freiburg, Germany; [@B33]).

All siRNAs were purchased from Eurogentec (Angers, France). Sequences were as follows:

Control siRNA: ACUCAAACUCACGAAGGAA-dTdT.

Tip60-1: UGAGAUUGAUGGACGGAAA-dTdT.

Tip60-2: UGAAGAACAUUGAGUGUAU-dTdT.

BRD2 siRNA: GACAAAGGAGGAACUGGCUUUGGAG-dTdT.

The following primers were used:

Tip60 mRNA: 5′-GACCCCTTCCTCTTCTACGT-3′ and 5′-CCGGTCTTCCCTTCTACTTT-3′.

p400 mRNA: 5′-GAAGTTGGCTGCTGCTAAGA-3′ and 5′-CCTCTTCTGGAAACTTTCTG-3′.

Suv39H1 mRNA: 5′-GGGTCCACTTGCATGTTGTAA-3′ and 5′-GGCAACATCTCCCACTTTGT-3′.

Major satellites (expression and ChIP): 5′-GACGACTTGAAAAATGACGAAATC-3′ and 5′-CATATTCCAGGTCCTTCAGTGTGC-3′.

β2m mRNA (expression and ChIP): 5′-CCCGTTCTTCAGCATTTGGA-3′ and 5′- CCGAACATACTGAACTGCTACGTAA-3′.

p53 promoter: 5′-CAGAGCAGAAAGGGACTTGG-3′ and 5′-CTTCACTTGGGCCTTCAAAA-3′.

Cell culture, transfection, and treatments
------------------------------------------

Mouse embryonic fibroblasts (MEFs) derived from Suv39H^−*/*−^ or Suv39H^+/+^ animals (kind gifts from T. Jenuwein; [@B33]) and NIH3T3 cells (ATCC-LCG, Molsheim, France) were cultured in DMEM supplemented with 10% fetal calf serum and antibiotics.

Cells were electroporated with siRNAs (100 μM) or plasmids (1 μg) using an electroporation device (Amaxa AG, Lonza, France), according to manufacturer's specifications. The stable Suv39H1-expressing cell line (named "rescued MEFs") was obtained after selection for 7 d using 2 μg/ml puromycin.

When required, cells were treated using 5-azacytidine (10 μM) for ∼24 h before being harvested and used in ChIP experiments.

DAPI staining, metaphase spreads, and flow cytometry analysis
-------------------------------------------------------------

For DAPI staining, cells were fixed with 4% formaldehyde before staining for 3 min with DAPI (Sigma-Aldrich, St Quentin Fallavier, France). Staining was then quantified by counting micronuclei or evaluating chromatin compaction using the DAPI CV quantification plug-in on ImageJ (from C. Mann's laboratory, CEA, Gif-sur-Yvette, France; [@B12]).

In metaphase spread experiments, cells were treated using 0.1 μg/ml Colcemid for 2 h, trypsinized, washed, and then lysed for 25 min in hypotonic solution (75 mM KCl). After addition of fixative solution (ethanol:acetic acid, 3:1), metaphasic plates were then spread on microscope slides, stained with DAPI for 3 min, and photographed.

For flow cytometry analysis, cells were trypsinized, fixed with 70% ethanol, stained with propidium iodide supplemented with RNase (BD Biosciences, Pont-de-Claix, France), and analyzed by flow cytometry. Quantification was done using CellQuest software (BD Biosciences).

Automatic measurement of fluorescence
-------------------------------------

Automatic high-throughput/high-content analysis was performed using an Operetta device (PerkinElmer, Courtaboeuf, France). Briefly, Suv39H^−*/*−^ cells were transfected as described and seeded into 96-well plates (Cell Carrier; PerkinElmer) at the density of 5000 cells/well. At 48 h later, cells were fixed and stained with DAPI, also as described, and then observed using the Operetta platform (20× objective, 0.19 numerical aperture; Olympus, Tokyo, Japan). DAPI images were taken for each well in an optimized plane and analyzed for the DAPI coefficient of variance (CV; i.e., SD divided by mean) using a script operated by an integrated software package (Acapella; PerkinElmer).

Data for 500--1000 cells/well were collected, illustrated in box plots, and statistically analyzed with R software. Briefly, for each comparison of microscopy DAPI CV data, we applied the statistical test of Shapiro to determine whether the list of values is normally (*p* \> 0.05) or not normally (*p* \< 0.05) distributed. Because at least one of the lists was not normally distributed, we applied the Mann--Whitney--Wilcoxon test.

Immunofluorescence
------------------

Cells seeded on coverslips were fixed in 4% paraformaldehyde and incubated with primary anti-HP1α and secondary anti-mouse (Euromedex, Souffelweyersheim, France) antibodies before being stained with DAPI, mounted, and observed, as previously described ([@B18]).

RNA extraction, reverse transcription, and quantitative PCR analysis
--------------------------------------------------------------------

RNA extraction were performed with TRIzol reagent and then treated with DNase I and DNase Z for 1.5 h at 37°C. DNases were then precipitated and eliminated with lysis solution and MPC protein precipitation reagent from Epicentre (Tebu-Bio, Le Perrey-en-Yvelines, France). After reverse transcription using random primers and AMV reverse transcriptase (Promega, Madison, WI), quantitative PCR (qPCR) analysis was performed using iQ qPCR mix and a real-time PCR device (Bio-Rad, Marnes-la-Coquette, France) according to the manufacturer's instructions. qPCRs were performed in triplicate.

Chromatin immunoprecipitation
-----------------------------

Chromatin immunoprecipitation experiments were performed essentially as described. Briefly, cells were fixed in 1% formaldehyde (15 min), and glycine was added to block the reaction. Nuclei were prepared and sonicated to generate DNA fragments with lengths between 500 and 1500 base pairs. After preclearing and blocking steps, immunoprecipitations were performed overnight with specific antibodies or without antibody as negative control. After centrifugation to eliminate background, recovery of the immune complexes was performed by the incubation of samples with a mixture of blocked protein A/protein G beads (Sigma-Aldrich) on a rotating wheel (1 h at 4°C). After washing, the DNA--protein cross-link was reversed by the addition of RNase A to the samples (30 min at 37°C) and heating under agitation at 70°C overnight. After proteinase K digestion (1.5 h), DNA was purified using a GFX DNA Purification kit (GE Healthcare, Vandoeuvre-les-Nancy, France) and then quantified by qPCR using iQ qPCR mix and a real-time PCR device (Bio-Rad) according to the manufacturer's instructions. qPCRs were performed in triplicate.
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